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Small-molecule hormones govern every aspect
of the biology of plants. Many processes, such
as growth, are regulated in similar ways by mul-
tiple hormones, and recent studies have re-
vealed extensive crosstalk among different hor-
monal signaling pathways. These results have
led to the proposal that a common set of signal-
ing components may integrate inputs frommul-
tiple hormones to regulate growth. In this study,
we tested this proposal by asking whether dif-
ferent hormones converge on a common set
of transcriptional targets in Arabidopsis seed-
lings. Using publicly available microarray data,
we analyzed the transcriptional effects of seven
hormones, including abscisic acid, gibberellin,
auxin, ethylene, cytokinin, brassinosteroid, and
jasmonate. A high-sensitivity analysis revealed
a surprisingly low number of common target
genes. Instead, different hormones appear to
regulate distinct members of protein families.
We conclude that there is not a core transcrip-
tional growth-regulatory module in young Ara-
bidopsis seedlings.
INTRODUCTION
Decades of molecular and physiological studies have
demonstrated that plants rely on a diverse set of small-
molecule hormones to regulate every aspect of their biol-
ogy. The degree of specificity and redundancy among
these various factors has long been a matter of debate,
particularly in the area of growth regulation. Analysis of
biosynthetic and signaling mutants, in combination with
studies of exogenous hormone applications, have con-
cluded that gibberellins (GA), auxins, and brassinosteroids(BR) regulate expansion along longitudinal axes and
greatly influence plant stature and organ size. Ethylene
and cytokinins act primarily to increase cell expansion
along transverse axes and greatly reduce the stature of
dark-grown seedlings. Abscisic acid (ABA) has been
shown to antagonize growth promotion by both GA and
BR. Genetic screens for hormone insensitivity have pro-
vided evidence for the nonredundant roles of hormones.
For example, despite the apparent overlap in the growth-
promotion activities of GA, auxin, and BRs, loss in an indi-
vidual pathway results in severe dwarfism.
Recently, work by several laboratories has revisited the
question of hormone specificity and uncovered extensive
crosstalk and signal integration among growth-regulating
hormones (Achard et al., 2003, 2006; Fu and Harberd,
2003; Gazzarrini and McCourt, 2003; Nakamura et al.,
2006; Halliday, 2004; Rolland and Sheen, 2005). One fam-
ily of proteins, called DELLAs, has been proposed to act
as repressors of a central growth regulation pathway
(Achard et al., 2003, 2006; Fu and Harberd, 2003). DELLA
proteins are rapidly degraded in the presence of GA and
their turnover is required for a normal GA growth re-
sponse. Recent work has shown that levels of DELLAs
are also affected by auxin and ethylene (Achard et al.,
2003; Fu and Harberd, 2003). Plants with reduced DELLA
function show altered response to exogenous ABA and
ACC, an ethylene precursor (Achard et al., 2003, 2006).
Thus, nuclear-localized DELLAs have been posited to be
key integrators of plant growth from multiple hormonal
signals.
For all hormones where signal transduction pathway
components are known, early transcriptional effects have
been linked with hormone response (Finkelstein et al.,
2002; Guo and Ecker, 2004; Sun and Gubler, 2004; Vert
et al., 2005; Woodward and Bartel, 2005), so a central
repressor, such as the DELLAs, could act to modulate di-
verse hormone effects. If all growth is regulated in thisway,
a substantial overlap of transcriptional targets among hor-
mone pathways would be expected. To date, there has
been no side-by-side comparison of global transcriptionalCell 126, 467–475, August 11, 2006 ª2006 Elsevier Inc. 467
responses to various hormone treatments to test this
prediction.
In this work, we used data produced by the AtGen-
Express Consortium (http://web.uni-frankfurt.de/fb15/
botanik/mcb/AFGN/atgenex.htm) in which the effects of
seven plant hormones at three time points were surveyed
with Affymetrix ATH1 GeneChips representing nearly all
protein-coding transcripts of the referenceplantArabidop-
sis thaliana (Figure 1). The compounds assayed included
ABA, gibberellic acid 3 (GA), indole-3-acetic acid (IAA;
auxin), 1-amino-cyclopropane-1-carboxylic acid (ACC;
ethylene precursor), zeatin (CK; cytokinin), brassinolide
(BL; brassinosteroid), and methyl jasmonate (MJ; jasmo-
nate), in addition to amock treatment. In each case, 7-day-
old seedlings were treated and collected after 30, 60, and
180 min of exposure. We employed a highly sensitive
analysis to examine the overlap in transcriptional effects
among the various hormones and a highly selective analy-
sis to identify robust marker genes specific for each hor-
mone. These studies reveal that a major part of early hor-
mone response in plants is specific and independent of
the effects of other hormones.
RESULTS
Standard quality-control measures indicated that the 48
microarrays used in this analysis show similar distribution
of intensities, no systematic disruptions of signal, and ac-
ceptable performance both for spike-in controls and 30 to
50 ratio tests (Figure S1). A low-stringency/ high-sensitivity
moderated linear model (p < 0.01; Smyth, 2004) was used
to identify genes whose expression was affected by hor-
mone treatment at any of the three time points. Genes
were categorized as upregulated (higher signal under
treated conditions for at least one time point), downregu-
lated (lower signal under treated conditions for at least one
time point), or complex (upregulation at some time points
and downregulation at others). Estimated expression
levels of identified genes at each time point are shown in
Tables S1–S7.Many genes previously found to be respon-
sive to each hormone were also identified here, indicating
that the treatments were effective (Table 1).
A subset of well-represented GeneOntology (GO) terms
was used to identify trends in the responsive genes for
eachhormone.Genesencodingproteins involved insignal-
ing and transcription were significantly enriched for nearly
all treatments, consistent with the role of hormones as trig-
gersof signal transductioncascades (Figure2; TableS8). In
contrast, the numbers of genes involved in photosynthesis
were largely consistent with expected counts from a ran-
dom distribution. The majority of genes was affected by
only one hormone. This trend held in all GO categories,
including transcription, signalling, and cell wall (Figure 3).
A Highly Sensitive Analysis Shows No Evidence
for a Core Transcriptional Growth Program
Within the 3 hr assayed in this experiment, growth effects
have been documented for GA, BL, and IAA (Yang et al.,468 Cell 126, 467–475, August 11, 2006 ª2006 Elsevier Inc.1996; Zurek et al., 1994). Turnover of the DELLA proteins,
proposed to act as transcriptional repressors in multiple
growth pathways, occurs within 1 hr of treatment with GA
(Achard et al., 2003). To identify shared transcriptional tar-
gets among the hormones, we compared the lists gener-
ated from the high-sensitivity analysis. While the level of
overlap between hormone-responsive genes is greater
than expected at random (Chi-square test, p < 0.0001,
Table 2), the actual number of genes targeted by all three
growth-promoting hormones is strikingly small. Remark-
ably, only sevengeneswere changed in the samedirection
Figure 1. Schematic of Experimental Design and Analytical
Approaches
As part of the AtGenExpress Consortium, Yoshida and colleagues
subjected seedlings to eight different treatments (mock + seven
hormones) for 30 (light gray), 60 (medium gray), and 180 (dark gray)
minutes. RNA was used to make hybridization probes for ATH1 Gene-
Chips. Complete descriptions of methods and raw data are available
at http://Arabidopsis.org/info/expression/ATGenExpress.jsp. Two dif-
ferent analytical strategies were used in the current study. A high-
sensitivity method was employed to test for shared targets among
treatments. A high-selectivity method identified robust hormone-
specific marker genes.
by GA, IAA, and BL treatments—three induced and four
repressed—none with known function. Moreover, while
both GA and BL effects are antagonized by the ABA path-
way (Steber et al., 1998; Friedrichsen et al., 2002; Steber
and McCourt, 2001), shared transcriptional targets be-
tween ABA and either GA or BL were as likely to be af-
fected in the same as in the opposite direction (data not
shown).
One potential complication in this experiment is that
some hormone responses may be near saturation in wild-
type plants. For instance, it is known that GA biosynthetic
mutants show a dramatically increased growth response
relative to wild-type plants when treated with GA. To ad-
dress this concern, we analyzed additional data included
in the AtGenExpress experiment assaying GA treatments
of the ga1-5 biosynthetic mutant. While a larger number of
GA-responsive genes could be identified in these experi-
ments, there was no increase in the overlap with other
growth-promoting hormones (data not shown).
The most straightforward interpretation of these results
is that there is no central plant growth module. In support
of this conclusion, there was little coherence in the genes
affected in core growth processes, as described above.
Specifically, of 444 genes in the genome with GO annota-
tions involving the cell wall, 101 were affected by at least
one of the conditions in this experiment. Sixty of these
genes were affected by only one hormone (Figure 3). Sim-
ilar trends can be seen in genes with GO annotations in-
cluding the term ‘‘cell cycle’’ (of 28 genes affected by at
least 1 hormone, 17 are regulated by only 1 hormone) and
the term ‘‘cytoskeleton’’ (of 12 genes affected by at least 1
hormone, 9 are regulated by only 1 hormone).
This phenomenon extends to the level of gene families.
The expansins are a family of proteins sharing two distinct
domains and cell-wall-loosening activity (Cosgrove, 2000).
They can be divided into four subfamilies—EXPA, EXPB,
EXLA, and EXLB—and are encoded by 36 genes in Arabi-
dopsis (Sampedro et al., 2006). Fourteen genes encoding
expansins were regulated by at least 1 hormone treatment
in our analysis, including 11 EXPA genes (EXPA1, 3–6, 8,
10, 11, 13, 15, 16), 1 EXPB gene (EXPB3), and 2 EXLA
genes (EXLA1 and 3). Of these 14 expansin genes, 8
were regulated by only 1 or 2 hormones. For instance,
EXPA3 (At2g37640) was downregulated by ABA, while
EXPA8 (At2g40610) was downregulated by ACC. These
2 family members are part of distinct evolutionary clades,
which can also be identified in poplar and rice (Sampedro
et al., 2006). Genes encoding xyloglucan endotransgluco-
sylase-hydrolases (XTHs), enzymes that regulate cell-wall
extensibility, show a similar distribution of hormone regu-
lation. Out of 33 XTHs in the Arabidopsis genome, 17 were
regulated by at least 1 hormone and 9were regulated by at
most 2 different treatments. This is consistent with previ-
ous studies showing distinct expression profiles for the
members of this family (Yokoyama and Nishitani, 2001).
The limited regulatory overlap within these families implies
that while hormones may promote or repress cell-wall
loosening by the same mechanism— regulation of genesinvolved in expansion—they do so by independent tran-
scriptional programs.
Hormone Treatments Trigger Widespread Effects
on Hormone Metabolism
Despite the low numbers of shared transcriptional targets,
there was ample evidence of one hormone regulating
genes involved in the metabolism of another hormone.
This phenomenon has been suggested for many hor-
mones and is particularly well-documented for the pro-
duction of ethylene following IAA treatment (Alonso and
Ecker, 2001). ACC synthase (ACS) catalyzes the rate-lim-
iting step of ethylene biosynthesis, and several hormones
have been shown to affect the levels of ACS genes (Wang
et al., 2002). Here, ACS6 (At4g11280) was upregulated
by ABA, BL, and IAA. ACS10 (At1g62960) was downregu-
lated by ABA, IAA, MJ, and GA. The complex web of such
interactions (Figure 4) suggests that long-term effects of
all hormone treatments represent a ‘‘domino effect,’’ re-
setting many systems within the plant.
High-Stringency Analysis Yields a Matrix of Robust
Hormone-Specific Markers
A set of reliable, sensitive, specific readouts for every hor-
mone pathway is essential for dissecting the specific
mechanisms of response to each hormone, the inter-
actions among hormones, and the relationship between
hormones and specific physiological effects. Currently,
no such set of markers, comprehensively surveyed across
a timecourse of hormone treatments, exists. Analysis
of this large dataset allowed identification of hormone-
specific reporter genes. To identify robust hormone-
responsive genes, we performed an additional analysis
of the hormonedataset, both using a stricter criteria for dif-
ferential expression (False Discovery Rate [FDR] p < 0.05;
Benjamini and Hochberg, 1995) and applying a distinct,
complementary analytical method called rank product
(RP; Breitling et al., 2004). Lists of high-confidence genes
identified by both methods (the intersect set) were assem-
bled foreachhormone (TableS9)—exceptGA, forwhichno
genes were identified by linear modeling using the more
stringent criteria. Genes found in the intersect list for a par-
ticular hormone and not found regulated by any other hor-
monewithanyothermethodused in this studywere termed
marker genes (Figure 5; Tables S10–S15). These markers
included some well-characterized genes, including sev-
eral in autoregulatory biosynthetic feedback pathways,
suchasanABA-inducedcarotenoiddioxygenase (NCED3;
At3g14440) and several MJ-induced lipoxygenases (i.e.,
LOX3; At1g17420). Also, an IAA-induced auxin transporter
(PIN1; At1g73590) and CK-induced response regulators
(i.e., ARR4, At1g10470) were identified in this analysis as
marker genes. Many other highly specific marker genes
have no known function and were not previously associ-
ated with a hormone pathway. The resulting toolbox of
markers can be utilized both to interrogate new aspects of
response to an individual plant hormone and as amatrix to
interpret the effects of mutations or chemical treatments.Cell 126, 467–475, August 11, 2006 ª2006 Elsevier Inc. 469
Table 1. Known Hormone-Responsive Genes Identified by High-Sensitivity Analysis
trt eff Atg# Name trt eff Atg# Name trt eff Atg# Name
ABA up At1g20440 COR47 ACC dn At5g03280 EIN2 BR up At1g75080 BZR1
At1g20450 LTI29 GA up At1g66350 RGL1 At2g26710 BAS1
At1g29395 COR414 dn At1g15550 GA4 dn At1g13260 RAV1
At1g32640 ATMYC2 IAA up At1g04100 IAA10 At3g13730 CYP90D1
At1g63840 At1g04240 IAA3/SHY2 At3g30180 BR6ox2
At1g64060 ATRBOH F At1g15580 IAA5 At3g50660 DWF4
At1g69260 At1g19220 ARF19 At3g61460 BRH1
At1g69270 RPK1 At1g29430 SAUR62 At4g36380 ROT3
At1g76180 ERD14 At1g29440 SAUR63 At4g39400 BRI1
At2g15970 COR413 At1g29450 SAUR64 cm At4g30610 BRS1
At2g22430 ATHB6 At1g29460 SAUR65 MJ up At1g13280 AOC4
At2g27150 AAO3 At1g29490 SAUR68 At1g17420 LOX3
At2g33380 RD20 At1g29500 SAUR66 At1g19570
At2g46680 ATHB-7 At1g29510 SAUR67 At1g32640 ATMYC2
At3g05880 RCI2A At1g52830 IAA6 At1g55020 LOX1
At3g11410 At1g59500 GH3-4 At1g72520
At3g14440 NCED3 At1g74660 At2g06050 OPR3
At3g15210 ERF4 At2g14960 GH3-1 At2g24850 TAT3
At3g19290 ABF4 At2g18010 SAUR10 At2g34810
At3g19580 AZF2 At2g22810 At2g39770 CYT1
At3g20310 ERF7 At2g23170 GH3-3 At3g09940
At3g24500 At2g33310 IAA13 At3g15210 ERF4
At3g55610 P5CS2 At2g37030 SAUR46 At3g15500 NAC3
At3g59220 PRN At3g03830 SAUR28 At3g16470 JR1
At3g61890 ATHB-12 At3g03840 SAUR27 At3g25760 AOC1
At4g05100 MYB74 At3g15540 IAA19/MSG2 At3g25780 AOC2
At4g15910 ATDI21 At3g16500 IAA26/PAP1 At3g45140 LOX2
At4g24960 ATHVA22D At3g23030 IAA2 At4g23100 RML1
At4g26080 ABI1 At3g23050 IAA7/AXR2 At4g23600 CORI3
At4g33950 OST1 At3g62100 IAA30 At4g34710 ADC2
At4g34000 ABF3 At4g11280 ACS6 At5g24780 VSP1
At4g34710 ADC2 At4g14550 IAA14/SLR1 At5g42650 AOS
At5g25610 RD22 At4g14560 IAA1 At5g47220 ERF2
At5g52300 RD29B At4g27260 GH3-5 At5g55120
At5g52310 COR78 At4g28640 IAA11 dn At2g39940 COI1
At5g57050 ABI2 At4g30080 CK up At1g03850
At5g59220 At4g32280 IAA29 At1g10470 ARR4
At5g59310 LTP4 At4g34760 SAUR50 At1g19050 ARR7
At5g59320 LTP3 At4g34770 SAUR1 At1g69040 ACR4
At5g66400 RAB18 At4g36110 SAUR9 At1g74890 ARR15
At5g67030 ABA1 At4g38840 SAUR14 At1g75450 CKX6470 Cell 126, 467–475, August 11, 2006 ª2006 Elsevier Inc.
Table 1. Continued
trt eff Atg# Name trt eff Atg# Name trt eff Atg# Name
ABA dn
At1g74660 At4g38850 SAUR15 At2g01830 WOL
At2g19450 TAG1 At4g38850 SAUR15 At2g40670 ARR16
At3g43600 AAO2 At4g38860 SAUR16 At2g41310 ATRR3
At3g45640 MPK3 At5g18060 At3g48100 ARR5
At4g17615 CBL1 At5g20820 At3g57040 ARR9
At4g21410 At5g37770 TCH2 At4g26150
ACC up At1g05010 EFE At5g43700 IAA4 At4g29740 CKX4
At1g06160 At5g47370 HAT2 At4g37790 HAT22
At1g28370 ERF11 At5g54490 PBP1 At5g62920 ARR6
At1g53170 ERF8 At5g54500 FQR1 dn At1g27320 AHK3
At2g40940 ERS1 At5g54510 GH3-6/DFL1 At1g74660
At3g23150 ETR2 At5g65670 IAA9
At5g03730 CTR1 dn At1g72430
At5g25350 EBF2 At4g00880 SAUR31
At5g47220 ERF2
Genes with GO annotations ‘‘response to <hormone name> stimulus’’ or ‘‘<hormone name> metabolism’’ were used to compare
with results of the current study. ‘‘Up’’ indicates genes that have significantly higher signal under treated conditions for at least one
time point and show no significantly lower signal at any time point. ‘‘Dn’’ (down) indicates genes that have significantly lower signal
under treated conditions for at least one time point and show no significantly higher signal at any time point. Genes in the ‘‘cm’’
(complex) category show significant upregulation at some time points and significant downregulation at others. Expression data
for all genes can be found in Tables S1–S7. Trt, treatment; eff, effect.DISCUSSION
As a comprehensive comparison of early hormonal effects
on transcription, this study provides many new insights
into how hormones shape plant growth and form. The
data, produced as part of the AtGenExpress project,
passed in-depth quality-control tests, and our analysis
identified many genes previously associated with a partic-
ular hormone pathway. This largely unexamined dataset
offers an unprecedented opportunity to examine the rela-
tionship among plant hormones. Several of the hormones
tested have been shown previously to initiate growth
within the timeframe of this experiment. A number of
genes associated with cell-wall biosynthesis and modifi-
cation, cytoskeleton, or cell cycle were among those
whose levels were affected by hormone treatments. The
striking finding that hormones target different members
of gene families involved in growth, coupledwith the unex-
pectedly small number of genes found to be coregulated
by multiple hormones, strongly suggests that each hor-
mone acts independently.
This finding raises important questions about the under-
lying mechanisms by which hormones provoke similar or
antagonistic biological outcomes. One such question is
the origin and significance of hormone-specific regulation
of differentmemberswithin gene families. Several theories
exist to explain the retention of duplicated genes (Force
et al., 1999). One explanation for hormone specificitymay be the accumulation of changes in regulatory regions
among genes with identical functions. This could provide
a means to fine-tune growth in response to multiple input
pathways, particularly if the activity of the gene products is
dosage sensitive. Alternatively, specificity could be an in-
dication that hormones are acting in different cell or tissue
types and/or driving subtly distinct mechanisms of cell ex-
pansion and division.
Several recent reports have proposed the existence of
a core plant growth-regulatory module acting as a site of
integration for a large number of signals. Many mutants
originally identified as defective in one response show de-
fects in other responses as well. Screens done for glucose
hyper- or hyposensitive mutants identified genes in the
ABA and ethylene biosynthesis and response pathways
(Rolland and Sheen, 2005). Plants carrying mutations in
the DELLA genes, which encode negative regulators of
the GA response, exhibit altered response to exogenous
ABA and ACC (Achard et al., 2003, 2006). Moreover, the
stability of a DELLA:GFP fusion protein is affected by
ABA, ACC, and IAA (Achard et al., 2003, 2006; Fu and Har-
berd, 2003). The results of the current study raise ques-
tions about how to reconcile all of these findings.
The original interpretation of crosstalk may need to be
revisited in some of these cases. More detailed knowl-
edge, of both cellular conditions and biochemical func-
tions of the gene products under examination, is essential.
Several genes originally identified as belonging to the lightCell 126, 467–475, August 11, 2006 ª2006 Elsevier Inc. 471
Figure 2. Survey of Gene Ontology Cate-
gories for Each Hormone
All genes belonging to seven well-annotated
categories were extracted from the Gene On-
tology database. Matches to these lists among
common lists of hormone-responsive genes
were tallied. Categories that are significantly
over (o)- or under (u)-represented are indicated.
Numbers of expected and observed counts
and p values can be found in Table S8.or auxin response are now known to be components of the
ubiquitination machinery. As regulated protein turnover is
a key feature of nearly every hormone signaling pathway,
mutations in many of these genes lead to complex pheno-
types. High glucose may have general effects on cell
physiology that disrupt hormone pathways indirectly. In
addition, the function of the DELLAs is still not known
and they may not act at the transcriptional level. To under-
stand the significance of the observed inverse correlation
between DELLA levels and growth, DELLA function must
be elucidated. The recent publication of a quadruple
DELLA mutant (Achard et al., 2006) provides a useful
tool for placing the DELLAs within the other hormone
pathways, particularly in conjunction with the tools identi-
fied in the present study. Detailed examination of the
growth properties and transcriptome in this quadruple
mutant in a variety of conditions, including application of
other hormone biosynthetic inhibitors, should prove infor-
mative. Interestingly, although the della quadruple mutant
is clearly larger than wild-type plants, it is neither as large
nor asmalformed asmight have been predicted for a state
of unrestrained growth, perhaps indicating bifurcated
pathways of growth regulation.
The highly interconnected web of genes involved in
hormone metabolism (Figure 4) predicts that treatment
with one hormone should lead to changes in the levels of
multiple hormones. If this is thecase,manycommongenes
should be detected; however, this was not observed. One472 Cell 126, 467–475, August 11, 2006 ª2006 Elsevier Inc.explanation is that significant changes in hormone levels
may take place outside of the 3 hr window of this experi-
ment. This is consistent with studies where IAA treatments
caused changes in ethylene levels within 2 hr but only in-
creased ABA levels after 5 hr (Hansen and Grossmann,
2000). Another possibility is that the effects of altered
endogenous hormones do not mimic the effects of exo-
genous hormone applications on whole plants and so are
not detected here. Changes in hormone levels may also
be a highly localized effect (e.g., Swarup et al., 2005). In
many cases, gene-expression changes predicted both to
increase and decrease active hormone levels were trig-
gered by the same treatment (Figure 4, diamond-headed
arrows). This may represent the sum of quite different
effects in subsets of cell or tissue types. More sensitive
and localizedmeasurements of hormone levels will be crit-
ical to resolving this question.
Another possible implication of the results of our study
is that growth is composed of multiple phases. For in-
stance, the growth initiation assayed here could be inde-
pendently triggeredbyeachhormone. Subsequent growth
maintenance over hours or days might require successful
passage through a number of centralized checkpoints,
perhaps including turnover of the DELLAs. This time delay
would allow for the domino effects on other hormone
levels to contribute to signal integration. High-resolution
studies of light effects on seedlings reveal distinct stages
of growth inhibition, mediated by different photoreceptors
(Folta and Spalding, 2001). Two phases of growth inhibi-
tion also have been observed for ethylene treatment,
each dependent on distinct players in the signal transduc-
tion pathway (Binder et al., 2004). Similar kinetic analysis
using other hormone treatments and biosynthesis inhibi-
tors, in combination with various mutants, could be used
to further test this model. Developing tools for disrupting
or activating various hormone pathways in real-time will
also be an important addition to continued analysis of ex-
isting steady-state mutants.
The ever-expanding public repositories of microarray
data provide an unprecedented resource to test a variety
of hypotheses. Here, we tested an emerging paradigm in
plant biology and found evidence for a more complex
model of plant growth regulation than was previously
Figure 3. Distribution of Genes Regulated by One or More
Hormones
A total of 4666 genes were affected by at least one condition in our
analysis. The proportion of genes regulated by one or multiple hor-
mones is shown. A similar trend is found in genes within the Gene Ono-
tology categories of ‘‘Transcription,’’ ‘‘Signaling,’’ and ‘‘Cell Wall. ’’proposed. The current analysis also provides several new
tools to interrogate hormone biology, including high-
quality lists of hormone-responsive genes and a matrix of
hormone-specific markers. Coupled with detailed physio-
logical and kinetic analysis, these studies will move us
closer to answering the age-old question of how plants
grow.
EXPERIMENTAL PROCEDURES
Microarray Experiments
All data, completedescriptionsof experimental design, andexperimen-
tal methods are available at http://Arabidopsis.org/info/expression/
ATGenExpress.jsp.
Figure 4. Network of Hormone Effects on Hormone
Metabolism
Genes assigned to hormone biosynthetic pathways by GO annotation
were identified within lists of hormone-responsive genes. Lines with
arrowheads represent upregulation of hormone biosynthetic genes
or downregulation of genes involved in hormone inactivation. Blocked
arrows represent downregulation of genes involved in hormone bio-
synthesis or upregulation of genes involved in inactivation of a hor-
mone. Diamond arrowheads indicate changes in gene expression
with ambiguous outcomes (i.e., genes affected include those linked
to both increased and decreased hormone levels).Table 2. Overlapping Transcriptional Targets of Seven Hormones
ABA ACC BL GA IAA MJ CK
ABA 2936 244 (137.7) 237 (167) 62 (31.6) 335 (200) 654 (384.1) 269 (126)
ACC 544 98 (30.9) 27 (5.8) 179 (37.1) 206 (71.2) 77 (23.4)
BL 660 33 (7.1) 140 (45) 184 (86.4) 62 (28.3)
GA 125 39 (8.5) 56 (16.3) 23 (5.4)
IAA 791 293 (103.5) 133 (34)
MJ 1518 155 (65.2)
CK 498
Numbers in bold represent total number of genes found for each hormone under low-stringency/high-sensitivity moderated linear
model (p value < 0.01). The number of common genes between any two hormones is indicated. Expected counts from a random
distribution are shown in parenthesis. Hormone abbreviations described in text.Cell 126, 467–475, August 11, 2006 ª2006 Elsevier Inc. 473
Figure 5. Hormone-Specific Marker Genes
Genes that were present on a given hormone’s intersect list and absent from all other hormones’ union and high-sensitivity lists were termed hor-
mone-specific marker genes. Examples of marker genes for ABA (At5g57050), BL (At5g46590), IAA (At4g32280), and MJ (At4g17500) are shown.
Each circle represents expression data for one replicate. The three time points—30, 60, 180 min—are shown from left to right within each treatment.
Black circles indicate the treatment where significant differential expression is observed for at least one time point. Baseline expression is represented
in white circles (mock treatment). Data from all other treatments appear in gray.Data Preparation
All datamanipulationswere performed in R (http://www.r-project.org/).
We performed standard Affymetrix quality-control procedures using
the BioConductor packages simpleaffy (Wilson and Miller, 2005) and
AffyPLM (Bolstad et al., 2003). Expression was normalized and esti-
mated using the gcRMA package of BioConductor (Wu et al., 2004).
The quality of data from replicate samples was checked using least
square regression (R2) and scatter plots for each of 24 conditions stud-
ied (8 treatments, 3 time points each). The normalized data were fil-
tered, using two criteria: (1) detectable expression under at least one
condition as defined by a MAS5 (Affymetrix) normalized expression
larger than 100 units and (2) variable expression across conditions
(p value < 0.10 from ANOVA modeling). A one-way standard ANOVA
model was used, treating each condition as a factor (8 treatments*,
3 time points = 24 conditions). Eleven thousand and six hundred and
three genes out of 22,400 present on the microarray were used for fur-
ther analysis.
Gene Identification—Sensitive Criteria
Differentially expressed genes were identified between each hor-
mone treatment and mock treatments at each of three time points,
using a moderated linear model (Smyth, 2004) implemented in the
BioConductor package Limma, p value < 0.01. To test the significance
of overlap between two hormones treatment, a Chi-square test was
performedbasedon the following 2*2 table, where the number of genes
regulated by hormone 1 is designated X1, the number of genes regu-
lated by hormone 2 is designated X2, and the number of genes regu-
lated by both hormones is X12. A total of n = 11,603 genes passed non-
specific filtering.
Hormone 1 Not Hormone 1
Hormone 2 X12 X2  X12
Not Hormone 2 X1  X12 11; 603 X1  X2 +X12
P values obtained from both reference tables and simulation (using
function chisq.test in R) were extremely small (p value < 0.0001), indi-
cating that all 7 hormones significantly interact with each other.
Definition of Gene Lists
We obtained Gene Ontology and annotation of the A. thaliana genome
from TAIR (implemented in R as annotation package ath1121501), and
compiled lists of genes belonging to a subset of well-represented
Gene Ontology (GO) terms. A binomial exact test (p < 0.05) was474 Cell 126, 467–475, August 11, 2006 ª2006 Elsevier Inc.used to determine the significance of over- or under-representation
for each GO term.
Gene Identification—Stringent Criteria
Robust differentially expressed genes were identified using two statis-
tical methods: a moderated linear model (Smyth, 2004) and rank prod-
uct (RP) (Breitling et al., 2004) implemented as BioConductor pack-
ages Limma and RankProd in R. A False Discovery Rate (FDR;
Benjamini and Hochberg, 1995) multiple hypothesis testing correction
was applied to each p value and significance was defined as FDR
p value < 0.05.
Marker Genes
Hormone-specific marker genes were defined as genes that were (1)
identified by both RP and Limma (FDR p value < 0.05) of a particular
hormone, (2) not identified for any other hormone using either method,
and (3) not identified using the criteria of our sensitive analysis (uncor-
rected p value < 0.01).
Supplemental Data
Supplemental Data include 1 figure and 15 tables and can be found
with this article online at http://www.cell.com/cgi/content/full/126/3/
467/DC1/.
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